Iron deficiency chlorosis (IDC) in soybean results in yield losses or in extreme cases death. Breeding for resistance has shown limited success with no cultivar having complete resistance. Mineral content of the soybean could be an indicator of the ability of the plant to withstand the effects of IDC. Iron (Fe) and zinc (Zn) concentration was examined in soybean seed and leaves. SSR, RFLP, and BARCSOYSSR markers were used to construct a linkage map used for mapping of Fe and Zn concentrations. The QTL analysis for the combined data identified one major QTL for seed Fe accumulation on chromosome 20 that explained 21.5% of the variation. This QTL was in the marker interval pa_515-1-Satt239, with marker pa_515-1 previously being used to map an Fe-efficiency QTL. This provides the first evidence of a potential genetic link between Fe-efficiency and Fe accumulation in the soybean seed. 
INTRODUCTION
Iron deficiency chlorosis (IDC) affects plants grown on calcareous soils with a high soil pH, which is a common soil characteristic in the upper Midwestern United States. IDC is observed in the interveinal tissue of new leaves. This phenotype is a direct result of the plant's inability to utilize available iron (Fe) from the rhizosphere (Froehlich and Fehr, 1981) . IDC in soybean [Glycine max (L.) Merr.] results in stunted plants with interveinal pale green or yellow-to-nearly-white leaves, shortened internodes, and in QTL Mapping Fe and Zn Concentration in Soybean 2133 the most extreme cases necrosis and death. Ultimately, plants surviving any expression of IDC will exhibit a reduction in yield (Franzen et al., 2004; Zheng et al, 2009; Niebur and Fehr, 1981) .
Strategies to alleviate IDC symptoms have included increasing seed density, seed treatments with iron (Fe)-ethylenediamine-N,N'-bis (EDDHA), and foliar application of Fe-ethylenediaminetetraacetic acid (EDTA). Each method has garnered limited success and requires an added cost to the producer (Wiersma, 2007; Johnson, 2000, 2001) . A more practical and cost-effective approach is cultivar selection based on genetic tolerance/resistance to IDC. Seed Fe concentration has been proposed as a selection factor for breeding for tolerance/resistance to IDC, because micronutrient reserves of seeds represent a significant source of mineral elements for early seedling establishment in nutrient-limited growing conditions (Bityutskii et al., 2002) .
Research has been done in several plant species to determine Fe concentration in the seed (Garnett and Graham, 2005; Bityutskii et al., 2002; Cichy et al., 2009; Silva et al., 2003) . However little has been reported on the direct relationship between IDC tolerance/resistance and Fe concentration in soybean. Shen et al. (2002) showed that wheat seed high in Fe had better seedling vigor and greater chlorophyll concentration in fresh, fully expanded leaves. Moraghan and Helms (2005) evaluated seed Fe in 27 soybean genotypes differing in seed size. Genotypes differed in seed Fe concentration from 48 to 81 μg Fe g −1 . Seed Fe content ranged from 4.6 to 14.3 μg Fe g −1 seed. Variability in seed Fe content was mainly due to differences in seed weights of genotypes, whereas seed Fe concentration was not correlated with individual seed weight. The authors were able to provide evidence that Fe-efficient plants produce seed with higher Fe concentration than Fe-inefficient plants. Earlier, Tiffin et al. (1973) reported that Fe-deficient seedlings export 90% of the Fe located in the cotyledons. This suggests that iron export is an adaptive response by the plant to provide physiologically important Fe to developing cells remote from the storage site.
Quantitative trait loci (QTL) for IDC have been mapped. However, many genes involved in the iron stress response/adaptation have yet to be identified. Parental selection can influence the genetic mechanism for response to IDC. Lin et al. (1997) confirmed that IDC is a complex trait, controlled by either a major gene with modifying genes, or by a polygenic mechanism with each gene having a minor effect. The populations evaluated were Pride B216 × A15 and Anoka × A7. Four QTLS were found to be responsible for 21.6% of the phenotypic variation in the Pride B216 × A15 population. In the Anoka × A7 population investigators identified two major QTLs responsible for 75.3% of the variation with a major QTL that mapped to linkage group N (chromosome 3). Charlson et al. (2003) reviewed simple sequence repeat (SSR) markers that were genetically linked to resistance and significantly associated with Downloaded by [Iowa State University] at 10:05 11 September 2014 chlorosis scores. They determined that genotypic selection with resistancelinked markers could increase the potential of selecting resistant lines in the field. The markers that were most promising were in regions of Fe efficiency QTL. A total of 36 QTL have been associated with Fe efficiency (http://www.soybase.org). A recent study using more than two-hundred genotypes and association mapping identified additional IDC-related loci (Mamidi et al., 2012) . However, there is a lack of information on QTL that are associated with the macro-and micronutrients that are in the seed and leaves and that could be associated with mineral efficiency. QTL analysis for mineral accumulation could also identify genes encoding, for example, transporters, chelators, or chelator biosynthesis enzymes in addition to regulatory factors such as protein kinases, membrane receptors, or transcription factors (Vreugdenhil et al., 2004) .
For instance, the IRT1 (iron regulated transporter), a member of the ZIP (zinc regulated transport IRT-like protein family), is involved in the response to Fe stress, but it is also involved in the transport of zinc (Zn) (Grotz and Guerinot, 2006) . Zinc (Zn) availability and uptake is important to plant growth and development. They are especially important to tolerance for both biotic and abiotic stress and to electron transport in photosynthesis (Kirkby and Römheld, 2004) . Like Fe, the environmental and genetic components of Zn deficiency have yet to be fully characterized. However, as with Fe deficiency, Zn is also a common crop deficiency observed in soils high in pH (Broadly et al., 2007; Wissuwa et al., 2006) . Both Fe and Zn utilize similar mechanisms for mineral transport and response to mineral-limited environments.
The objectives of this research were: to 1) identify seed and leaf QTL for iron and zinc concentration in the soybean population Anoka × A7, the same population previously used to identify a major gene and modifying gene mechanism QTL for IDC efficiency; 2) to determine if QTL for iron and zinc accumulation co-localized to the same regions of the genome; and 3) to determine if any of the newly identified QTL for Fe and/or Zn concentration correlate with QTL previously identified for Fe efficiency. If the QTL correlate it would suggest that genotype selection based upon iron and/or zinc composition in seed or leaves may be an indirect selection method for IDC resistance.
MATERIALS AND METHODS

Plant Material
The plant material used for mapping of the QTL for soybean seed and leaf Fe and Zn concentration was 92 F 2:4 lines from Anoka × A7. This population was previously used to confirm a major gene with modifying gene action mechanism affecting IDC (Lin et al., 1997) . A7 was the Fe efficient Downloaded by [Iowa State University] at 10:05 11 September 2014 parent developed through a recurrent selection program, and Anoka was determined to be Fe inefficient (Fehr et al., 1984; Cianzio and Fehr, 1980) . Inefficient/susceptible checks used in the study were Pride B216, Williams 82, and PI 547430, and efficient/resistant checks were A15 and Clark.
Phenotypic Evaluations
The 92 F2-derived lines and the checks were planted at the Bruner Farm, near Ames, IA on non-calcareous soil in 2008 and 2009. The experiment was set up as a randomized complete block design (RCBD) with three replications. Forty seeds were planted for each line/genotype with no thinning performed. The plots were 1.52 m long and 0.91 m in distance from adjacent plots. Leaf samples were taken from each line/genotype from the second fully expanded trifoliate 3-4 weeks after planting. Leaf tissue was then stored in liquid nitrogen, before being lyophilized for analysis and DNA extraction. Upon maturity, seed from each plot was harvested in bulk for Zn and Fe analysis.
Nutrient analysis followed the procedure of Westerman (1990) . Briefly, five grams of seed from each line/genotype were ground using a Foss Cyclotec mill (1093 Sample Mill, Foss, Eden Prairie, MN, USA) equipped with a 1-mm screen. A 0.5 g subsample was taken from each genotype and dry-ashed in a muffle furnace in the following sequence: 200
• C for 1 hour, 350
• C for 1 hour, and 500
• C for a minimum of 4 hours but not more than 8 hours. Samples were then allowed to air cool for a minimum of 2 hours. Once cooled, they were digested in a dilute acid solution [300 mL hydrochloric acid (HCl), 100 mL nitric acid (HNO 3 ) in 1 L of ddH2O] and brought to a final volume of 10 mL for analysis. Correspondingly, a 0.5 g subsample of leaf tissue ground with mortar and pestle was dry-ashed and digested using the previous procedure. Fe and Zn concentration were then quantified at the Iowa State Agronomy Soil and Plant Testing Facility using the Inductive coupled plasma-optical emission spectroscopy (ICP-OES) and computed as parts per million.
Statistical Analysis
For this experiment, all effects were considered random. Data was analyzed using standard ANOVA procedures with the Jmp statistical package (JMP, Version 8. SAS Institute Inc., Cary, NC, USA). Broad sense heritability (h 2 b ) was estimated on an entry mean basis using expected mean squares from the combined analysis of variance (ANOVA) (Fehr, 1987) as follows: 
Construction of the Genetic Linkage Maps
The parental lines Anoka and A7 were surveyed for polymorphism with 916 SSR markers available from the Soybase website (http://soybase.agron.iastate.edu). Most likely orders of and recombination rates among markers were estimated with Mapmaker 3.0 (Lander et al., 1987) . Linkage groups were determined with the "group" command using a logarithm of the odds (LOD) of 4.0 and maximum Haldane distance of 50 centiMorgans (cM). Map order was determined using the "three point" command followed by "order," "framework," and "place." Previous markers that formed linkage groups for this population were integrated into the current map (Lin et al., 1997) . Additionally, 303 BARCSOYSSR markers were downloaded from the Soybase website and surveyed for polymorphism to increase marker density on chromosomes with larger marker intervals .
QTL Mapping
Linkage maps were imported into MapQTL6 (Van Ooijen, 2009) , and QTL positions and effects for soybean seed and leaf Fe and Zn were determined using interval mapping (IM) and multiple-QTL mapping (MQM) (Lander and Botstein, 1989; Jansen, 1993 Jansen, , 1994 . The significant threshold LOD scores for detection of the QTL were calculated based on 1,000 permutations at P ≤ 0.05 (Churchill and Doerge, 1994) . As described by Liang et al. (2010) , the IM method was used to determine locations of putative QTL for the traits. Subsequently, MQM was performed to eliminate inference from background markers. In order to reduce residual variance, background markers closest to the LOD peak were selected as cofactors. The mapping step size was 1.0 cM with the maximum number of neighboring markers five, and maximum number of iterations set to 200. 
RESULTS
Construction of Genetic Linkage Maps
The original genetic map of the Anoka × A7 used by Lin et al. (1997) , which consisted of 82 restriction fragment length polymorphisms (RFLP), 14 SSR, and one morphological marker, was integrated into the current genetic map. Informative marker data were available for 146 SSRs and were assigned to the 20 linkage groups. One hundred six SSR markers completed the linkage map along with the 12 informative BARCSOYSSRs. The complete linkage map consisted of a total of 150 markers. Using Haldane's mapping function and summing over all linkage groups, we obtained a total of 2,722.09 cM flanked by linked markers. The average length of the linkage groups was 136.10 cM, with a range from 44.71 cM on chromosome 10 to 201.41 cM on chromosome 18. The average length of the marker intervals was 18.15 cM. The average number of markers per chromosome was 7.5, with a range from 3 to 14 ( Figure 1 ).
Zn and Fe Concentration
The progeny in the population exhibited segregation for both seed and leaf Fe and Zn (Table 1 and Figure 2 ). Each of the traits exhibited a Seed Zn 3.5 ± 0.1 3 .9 ± 0.1 3 .7 ± 0.1 3 .5 ∼ 4.0 0 .47 Seed Fe 59.5 ± 4.5 9 7 .0 ± 7.2 7 8 .3 ± 4.4 6 7 .6 ∼ 92.7 0 .30 Leaf Zn 56.1 ± 4.3 1 0 .7 ± 3.0 3 3 .4 ± 2.5 2 6 .5 ∼ 40.9 0 .00 Leaf Fe 515.0 ± 115.5 681.9 ± 153.8 600.0 ± 101.5 379.9 ∼ 1089.7 0 .14 Zn, zinc; Fe, iron.
significant year effect (P < 0.01) ( Table 2) . A significant genotype effect was detected for seed Zn and Fe, as well as leaf Zn. Seed Fe and leaf Zn exhibited a significant genotype × environment interaction effect. The trait with the highest broad sense heritability was seed Zn (0.47), and seed Fe followed with a broad sense heritability of 0.30 (Table 1. ). Leaf mineral concentration had considerably lower broad sense heritability estimates than that of the seed minerals. Leaf Zn had no detectable heritability in this study and leaf iron was 0.14. To evaluate the effect of environment on traits in the mapping population, Pearson's correlation coefficient (r ) was determined for 2008 and 2009 and then over combined data (Tables 3 and 4 (Table 4) . Leaf Fe and seed Fe had a small significant correlation, which could indicate that the same genes involved in iron uptake and translocation in the leaves are involved in the Fe loading phase of pod development. The rest of the coefficients for Zn minerals were negative and significant. This would indicate selecting for leaf Zn concentration could have a negative impact on the amount of Fe or Zn accumulated in the seed, which could be expected with leaf Zn having no detectable heritability.
QTL Analysis for Seed Zn and Fe Concentration
The data for 2008 and 2009 and the average across years were used for detection and mapping of QTL controlling seed and leaf Zn and Fe concentrations. For seed Fe concentration, two suggestive QTL were detected in 2008 (Table 5) , whereas, one significant QTL and one suggestive QTL were detected in 2009. Suggestive QTL were those QTL that had peaks that did not exceed the genome-wide threshold but on the chromosome level were close to or were significant at P = 0.05 (Tiwari et al., 2009; Willems et al., 2010) . Those four QTL were each on different chromosomes, with the significant QTL on chromosome 1 in the marker interval Satt295-Satt383. This QTL had a LOD score of 4.3, and represented 21.2% of the variation for the trait. The three suggestive QTL ranged in LOD scores from 2.5-3.0 and were on chromosomes 7, 12, and 17. These were in the marker intervals pk 417H-pk 70T , Satt635-pa 132, and Satt528-Satt488, respectively. The R 2 values for these QTL were 20.1, 25.7, and 14.3, respectively. When data were combined over years, one significant QTL and three suggestive QTL for seed Fe concentration were detected (Figure 3) . The significant QTL mapped to chromosome 20 in the marker interval pa 515-1-Satt239 with a LOD score of 4.7 and representing 21.5% of the variation. The suggestive QTL were on chromosome 1 (one) and on chromosome 12 (two). The LOD scores for these QTL were 3.2, 3.4, and 2.8, respectively. They had R 2 values of 10.6, 12.3, and 12.7 and were in the marker intervals Satt532-Satt321, Satt635-pa 132H , and Sat 334-S12 0711. Marker S12 0711I is a BARCSOYSSR marker used to increase marker density on chromosome 12 . A7, the efficient parent in the population, contributed the positive allele for the major QTL using the combined data. Two of the suggestive QTL were attributed to the heterozygote class in the population, indicating overdominance gene action for these loci. The other QTL on chromosome 12, with the LOD of 3.4, received the positive QTL from the inefficient parent Anoka, which was similar to what Lin et al. (1997) observed for visual scoring of IDC on chromosome 20. There were no significant QTL identified for Zn concentration in 2008, 2009, nor in the combined data. However two suggestive QTL were indentified in 2008, one in 2009, and two in the data set combined over years. The suggestive QTL in 2008 were on chromosomes 12 and 19 and had LOD scores of 3.7 and 3.0, and represented 21.2% and 16.7% of the variation, respectively. They were identified in the marker intervals Sat 334-S12 0711 and Satt694-Satt143. In 2009, the suggestive QTL was in the marker interval Satt175-pK 417H , had a LOD score of 2.8, and represented 19.0% of the variation. Combined over years, the suggestive QTL were on chromosomes 7 and 18 with LOD scores of 3.0 and 2.9, respectively. These QTL were in the marker intervals pk 417H-pk 70T and pa 890V-K 493H and represented 23.4% and 18.5% of the variation. Even though these QTL were not significant (LOD = 3.7; P = 0.95), the marker pk 417H-was consistent in 2009 and in the combined data. The positive allele for the QTL on chromosome 7 was associated with the inefficient parent Anoka, and on chromosome 18, in the heterozygote.
QTL Analysis for Leaf Zn and Fe Concentration
There were no significant QTL for leaf Fe concentration detected in this study. There were, however, five suggestive QTL detected in 2008, 2009 , and in the combined data (Table 6 ). Only one suggestive QTL was detected in 2008. This QTL was on chromosome 20, had a LOD score of 2.1, and represented 13.9% of the variation. This QTL was in the marker interval Satt292-S20 1142, with the positive allele being contributed by the efficient parent A7. In 2009, two suggestive QTL were detected on chromosomes 6 and 18. The QTL on chromosome 6 had a LOD score of 3.1, represented 21.8% of the variation, and was in the marker interval Sat 263-Satt708. The positive allele for this QTL was contributed by Anoka, the inefficient parent. On chromosome 18, the QTL had a LOD score of 3.0 and represented more of the variation at 15.4%. The marker interval was pk 69I-Satt394, and in this case the positive allele was associated with A7. In the combined years, two suggestive QTL were detected. One QTL on chromosome 16 had a LOD score of 3.0 and represented 15.3% of the variation. This QTL was in the marker interval pk 375H-pA 233D. On chromosome 18, the QTL had a LOD score of 2.6 and represented 28.9% of the variation. In both of these suggestive QTL, the positive allele came from the inefficient parent Anoka.
Similar results were obtained for leaf Zn in 2008, with no significant QTL detection. However, one suggestive QTL was detected in 2009 and two in the combined data. The suggestive QTL in 2009 was on chromosome 18 and had a LOD score of 2.4. The marker interval was Satt309-pk 69T, with the positive allele coming from A7. The two QTL in the combined data were on chromosomes 1 and 8 and had LOD scores of 2.7 and 3.8. They were in the marker intervals Satt502-Satt532 and pa 111H-pa hilu. These QTL represented 13.9 and 18.2% of the variation with the positive allele on chromosome 1 coming from Anoka and A7 on chromosome 8.
DISCUSSION
Iron deficiency chlorosis has been studied for more than fifty years and is still a major problem in areas where crops are produced on calcareous soil. Progress has been made in developing genetically resistant lines; however the release of agronomically suitable cultivars with both IDC resistance and high yields had been limited (Weiss, 1943; Fehr and Cianzio, 1980; Fehr et al, 1984; Jessen et al. 1988) . Although there is a wealth of knowledge of the genetic mechanisms contributing to iron homeostasis in plants as well as knowledge of QTL associated with Fe efficiency, there is still limited information on the genetic mechanisms associated with mineral accumulation in the seed and leaves and how that might ultimately relate to iron homeostasis (Weiss, 1943; Fehr 1980, 1982; Lin et al. 1997; Briat, 2008) . Several reports are available on mapping QTL for seed or grain Zn and Fe concentrations and contents in various species (Zhou et al., 2010; Garcia-Oliveira et al., 2009; Ding et al., 2010; Tiwari et al., 2009 ). These reports identified as few as one significant QTL for Fe and Zn in wheat grain, and as many as five Zn and four Fe QTL in Arabidopsis halleri (Tiwari et al., 2009; Willems et al., 2010) . We report here the first QTL for soybean seed Fe and Zn concentration and their relationship with Fe efficiency.
One major QTL for seed Fe concentration was indentified in the 2009 data and over combined years. The major QTL on chromosome 1 for 2009 was in the interval Satt295-Satt383. There are no other QTL for mineral concentration on the Soybase website, nor has either one of those markers been associated with QTL for Fe efficiency. This may suggest a novel gene(s) for Fe accumulation in soybean seed at this locus. In the A81356022 × PI468916 population; however, three Fe efficiency QTL on chromosome 1 have been mapped previously with the marker K647 1 (Diers et al., 1992) . This QTL is in the position of 93.90-95.50 cM compared to 55.22 and 56.57 for the markers in our QTL interval (httt://www.soybase.org). The significant QTL for Fe concentration over combined years mapped to chromosome 20, which Consistently mapping QTL with significant effects over locations and years continues to be a major challenge to QTL mapping and marker assisted selection (MAS), as it is related the genetic diversity among parents, population size, and the number of markers tested (Zhou et al., 2010; Diers et al., 1992; Lin et al., 1997; Brondani, et al., 2002) . Zhou et al. (2010) mapped QTL for Zn, Fe, Cu, and Mg contents in maize and detected five QTL in 2007 and nine QTL in 2008; however, they were unable to detect the same QTL over the two years when the data were combined. In another population they identified 12 QTL in 2007 and six in 2008, but only two QTL were significant over both years. In rice grain, Garcia-Oliveira et al. (2009) identified a total of 31 QTL for mineral accumulation, but only 17 were observed over both years of the experiment. Similarly, Lin et al. (1997) detected a QTL in independent years on LG I, now chromosome 20, for visual scores at both V2 and V4 stages with the marker K644 in common. However, when the V4 stage data were combined over the years , there were no QTL detected on that linkage group. In contrast, the QTL for chlorophyll concentration at the V4 stage that was detected on chromosome 20 for the combined years 1993 and 1994 was not detected in independent years or at the different stages evaluated.
We obtained similar results here for the major QTL detected and suggestive QTL for Fe concentration. The major QTL was not detected in separate years, but in the combined data for 2008 . For 2008 and in the combined data 2008 , the suggestive QTL was on chromosome 12. In both cases, the QTL was in the same marker interval Satt635-pa 132H ; however, the positions of the peak of the QTL were different. In 2008, the position of the QTL was at 7.0 cM, but in the combined data, it was at 0.0 cM. In both years, the allele from Anoka was positive, with the greatest contribution observed in the combined data. A similar occurrence was observed in 2009 and combined over years, with the QTL being detected on chromosome 1. However, the QTL was detected at two different positions on the chromosome. In 2009 that position was at 49.9 cM, and in the combined data it was at 22.1 cM, suggesting that two separate loci may have been identified. Regardless of whether the QTL are due to two loci or a single locus, the positive allele in 2009 was attributed to the inefficient parent Anoka. Over Downloaded by [Iowa State University] at 10:05 11 September 2014 the combined data the genetic effect was additive as well and associated with Anoka.
Although no significant QTL for Zn concentration was detected, suggestive QTL over years were identified, as observed in Fe concentration. The QTL detected in 2008 were not observed in 2009 or in combined data. The QTL detected in 2009 on chromosome 7 was also detected in combined data; however the QTL was in a slightly different marker interval, with marker pk 417H in common between the QTL. Interestingly only one of the QTL detected had the positive allele coming from the A7 parent, and it was the QTL detected on chromosome 19 in 2008. This could indicate that chromosome 7 contains genes that influence Zn accumulation in soybean seed and that the major region on the chromosome is located near -pk 417H .
It was important to this research to determine if QTL for seed and leaf Zn and Fe concentration co-localize to the same regions in the soybean genome, which would suggest that the same genetic mechanisms are involved in their accumulation and transport. The lack of consistency between years and in the combined data makes it difficult to draw strong conclusions. Chromosomes 7 and 12 were the only chromosomes for which QTL for both Fe and Zn concentrations were mapped. However in 2008 the QTL for Fe concentration on chromosome 12 mapped to position 7.0 cM, but the QTL for Zn concentration mapped to position 105.6. When only the combined data for Fe concentration are taken into account, the interval of markers Sat 334-S12 0711 is the same as for Zn concentration for 2008. This could indicate that chromosome 12 has genes that are involved in both Fe and Zn accumulation in the seed. A similar occurrence was observed for chromosome 7, where in 2008 a suggestive QTL for Fe concentration was detected. However, in 2009 and in the combined data a suggestive QTL for Zn concentration was detected. The positions of each QTL detected were not the same, but marker pk 417H was in common with all three. Even though, the QTL for Zn and Fe concentration were not detected in the same years, this may be evidence that Zn and Fe accumulation are controlled by the same genes at this locus. If this is the case, consistent identification of these QTL for mineral accumulation could allow the increase in accumulation of both minerals simultaneously.
Consistency was a problem with leaf Zn and Fe concentration as well. Of the five suggestive QTL identified for leaf Fe concentration, only chromosome 18 had QTL for 2009 and in the combined data. However the positions for the QTL were different, with one QTL at position 32.8 cM in 2009 and at position 156.6 cM in the combined data. Interestingly, both of the intervals for these QTL are in regions of previously mapped Fe efficiency QTL in different populations. Marker pk 69I is associated with the Fe efficiency QTL 1-1, 1-2, 1-3, and 1-4 in the A81356022 × PI468916 population (Diers et al., 1992) . Marker pa 890V , on the Williams physical map, is at position 67.7 cM. There are four IDC QTL in the region of 66.6-73.3 cM. Furthermore, three additional Fe efficiency QTL are at the position 73.0-76.00 cM, all of which were identified in the Pride B216 × A15 population (Lin et al., 1997) . The interval for the Fe concentration QTL encompasses these QTL. Although, the IDC QTL were mapped in different populations than that used in this study, it seems likely that the QTL regions in all populations contain genes involved in iron accumulation and iron efficiency. No QTL for leaf Zn were detected on the same chromosome.
Iron homeostasis in plant tissues during growth and development is the result of an integrated regulation of expression of various genes encoding proteins acting in the transport, storage, and utilization of iron (Briat, 2008) . Ding et al. (2010) concluded that mineral accumulation in seed of Brassica napus is controlled by multiple genes. Furthermore, common physiological and molecular mechanisms could be involved in the accumulation of multiple mineral elements. With the genomic locations of molecular markers known, we queried the intervals of the marker positions associated with the identified QTL against the whole soybean genome assembly (Gmax 109, Phytozome v.7.0, University of California, Berkeley, CA, USA) (Schmutz et al., 2010) in order to identify candidate genes that could be related to mineral accumulation and transport, which would further our understanding of the genetic basis for Fe and Zn accumulation in soybean seed and leaf tissue. We identified metal-related genes in those intervals on each chromosome that could potentially provide a genetic basis for mineral accumulation in soybean seed and leaves. On chromosome 20, we indentified several candidate genes that are involved with metal transport and uptake. One gene is an Aluminum activated malate transporter , which is normally involved in Al toxicity/stress tolerance and is a part of the multi-drug and toxic compound extrusion (MATE) family (Liu et al., 2008; Sasaki et al., 2004) . Other genes within the QTL intervals that have been shown to be involved in Fe stress responses were: Myb-like DNA-binding domain; ABC1 family; F-box domain; and Leucine Rich Repeat protein (Zheng et al., 2009 (Guedes et al., 2008) . Additionally, on chromosomes 12 and 18 there were genes associated with mineral transport and photosynthesis. On chromosome 12, there was a Heavy-metal associated domain, and on chromosome 18 a ferritin-like domain, MATE, and ZIP Zinc transporter was identified. 
CONCLUSIONS
This research has presented the first evidence of a link between Fe efficiency and Fe concentration in soybean through QTL mapping of Fe concentration on an integrated soybean genetic linkage map developed from an Anoka × A7 population. Through markers previously used to screen the population and the addition of new SSR markers, the data identified a significant QTL for Fe concentration that co-localized with markers previously used to map Fe efficiency (IDC) QTL. In 2009 as well as in combined data, these QTL represent QTL for Fe accumulation that have not previously been mapped. Both of these QTL and the genes within the region can be targeted in MAS for improving soybean genetic breeding for IDC resistance through the development of lines with elevated Fe concentration. Additionally the minor effects of the suggestive QTL identified could aid in improving Fe efficiency through a modifying polygene mechanism that has been described by Lin et al. (1997) . However, these QTL effects were more than likely in regions involved in Fe stress response and loading. Because the experiment was grown in non-calcareous soil, a non-stressed environment, major effects were not detected. This would indicate, because the same chromosomal regions were identified for both Fe and Zn concentration, that there are similar physiological processes in sink-to-source for both Fe and Zn (Garcia-Oliveira et al., 2009) . Candidate genes identified in these QTL regions could be involved in mineral uptake, transport, and loading, which could potentially be useful in breeding crops that are Fe efficient and have higher iron concentration. Ultimately, these genes may be in the pathways involved in mineral accumulation in soybean. This research provided evidence of QTL for Zn and Fe accumulation in soybean with a strong indication that Fe and Zn have loci in common. Furthermore, Fe efficiency and Fe accumulation appear to be governed by similar genes. This research has provided information toward further understanding of the genetic complexity of iron homeostasis, transport, and mineral accumulation in soybean.
